We investigated the distribution of T-type Ca 2+ channel mRNAs in the mouse embryonic heart. Cav3.2, but not Cav3.1, was expressed in the E8.5 embryonic heart along with cardiac progenitor markers (Nkx2.5, Tbx5, Isl-1) and contractile proteins (alpha and beta MHC). In the E10.5 heart, the distribution of Cav3.1 mRNA was confirmed in the AV-canal and overlapped with that of MinK or Tbx2. Cav3.2 mRNA was observed not only in the AV-canal but also in the outflow tract, along with MinK and Isl-1, indicating the expression of Cav3.2 in the secondary heart field. Thus, Cav3.2 may contribute to the development of the outflow tract from the secondary heart field in the embryonic heart, whereas Cav3.1 may be involved in the development of the cardiac conduction-system together with Cav3.2.
Calcium is a key regulator of the spontaneous contractile activity of cardiomyocytes. The primary pathway of extracellular calcium entry in these cells is voltage-gated Ca 2+ channels, generally classified to a high voltage-activated L-type and a low voltageactivated T-type. T-type Ca 2+ channels are abundantly expressed in pacemaker cells of the sinoatrial node (16) and conduction-system cells including Purkinje fibers (3), whereas L-type Ca 2+ channels are abundantly expressed in cardiomyocytes. T-type Ca 2+ channels are further classified into 2 subtypes, Ni 2+ -insensitive (α1G) and -sensitive (α1H) channels, encoded by Cav3.1 and Cav3.2, respectively (8) . They regulate intracellular calcium concentrations and contribute to cardiac automaticity (6) . Their expression in the heart is regulated developmentally, being high in embryonic and neonatal hearts (12) . In Cav3.1 knockout mouse, the ablation of Cav3.1 causes both bradycardia and slowing of atrioventricular conduction, however the ablation of Cav3.2 expression does not affect the beating frequency and heart development (10). We reported subtype switching from Cav3.2 to 3.1 during in vitro differentiation of embryonic stem (ES) cells to cardiomyocytes, which was consistent with the findings in the embryonic heart (11, 12) , suggesting that role of T-type Ca 2+ channels may vary between the developmental stages. To further explore this issue, it is necessary to clarify the distribution of T-type Ca 2+ channels in the developing heart. In the present study, we studied chamber-specific distribution of Cav3.1 and Cav3.2 in the developing mouse heart and embryonic body derived from mouse embryonic stem cell line.
MATERIAL AND METHODS
We employed quantitative real time RT-PCR. Mouse Address correspondence to: Einosuke Mizuta, Division of Molecular Medicine and Therapeutics, Department of Multidisciplinary Internal Medicine, Tottori University Faculty of Medicine, 86 Nishi-cho Yonago, 683-8503, Japan Tel: +81-859-38-6517, Fax: +81-859-38-6519 E-mail: einosuke@kc4.so-net.ne.jp embryos were dissected out on embryonic day (E) 8.5 and 10.5. Hybridization was performed using the embryos under standard conditions. Heart from E10.5 embryos (n = 36) were separated into four parts (atrium, ventricle, atrium-ventricle canal: AV canal, and outflow tract). Twelve samples were bundled together in a group (n = 3). Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA), then reverse-transcribed to cDNA with SuperScript III (Invitrogen). PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) and a real-time thermal cycler (7700 Sequence Detector Systems, Applied Biosystems). All samples were subjected to PCR amplification using Rodent GAPDH Control Reagent (Applied Biosystems) and data were normalized with respect to that value. We analyzed the cardiac progenitor cells derived from mouse ES cell. Nkx2.5/GFP(+) cells were derived from hcgp7 ES cell line carrying GFP reporter gene in one of the Nkx2.5 loci as described elsewhere (11) . Their differentiation was induced by formation of embryo bodies as described previously. The sort gate for GFP(+) cells was established on the basis of the forward-scattered light (FSC), sidescattered light (SSC), and PI and GFP fluorescence intensities of control ES cells. GFP-positive cells were obtained on day 6, 8, 14 and 18 of the differentiation and their mRNAs were analyzed by RT-PCR. Single cell RT-PCR was performed as described previously with some modifications (14) . Cytoplasm of patched cells was harvested by a gentle suction applied to the patch pipette. The tip of the pipette was then broken in a PCR tube containing the required reagents for reverse transcription, which was followed by PCR using specific primers listed in Table 1. The first PCR amplification was performed as follows: 30 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 60 s, and synthesis at 72°C for 30 s. PCR products were analyzed using agarose gel electrophoresis. This study was performed according to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. The official approval granted by Tottori University ethics review board (No. 99-S-16).
RESULTS AND DISCUSSION
The heart tube in mouse embryos starts self-beating on E8.5. Nkx2.5 is a common marker of cardiac progenitor cells whereas Tbx5 and Isl-1 are markers of the first and secondary heart field, respectively. All these markers genes are expressed at this stage, (9, 11) . Thus, we examined the distribution of Cav3.1 and Cav3.2 mRNAs and the marker gene transcripts in E10.5 hearts. Their mRNA levels were evaluated in four parts (atrium, ventricle, AV canal, and outflow tract). Fig. 2 shows mRNA levels of Cav3.1, Cav3.2 and marker genes in each part as quantified by real time RT-PCR. The expression of alpha MHC was predominant in the atrium and AV canal, whereas that of beta MHC indicating that the heart tube was composed of cardiac progenitor cells derived from the first and secondary heart fields ( Fig. 1) . Alpha and beta MHCs are markers of atrium and ventricle, respectively. In our results, alpha MHC expressed in both atrium and AV canal strongly, and beta MHC expressed in both ventricle and outflow tract on E10.5 (Fig. 2) . Tbx2 and MinK are markers of the AV canal and the atrio-ventricular conduction system, respectively. Tbx2, but not MinK, was expressed at this stage, which was consistent with the observation that the formation of AV-canal precedes the expression of MinK (4). These results confirmed that at E8.5 embryonic heart has not completed chamber specification, yet. Both Cav1.2 which is a major cardiac L type Ca 2+ channel gene and Cav3.2 were expressed at this stage, whereas Cav3.1 was not. Recent report indi-
Fig. 2 T-type Ca
2＋ channels mRNA in E10.5 mouse embryonic heart. The distribution of Cav3.1 overlapped with that of MinK which was predominantly distributed in the atrio-ventricular canal alone. The distribution of Cav3.2 overlapped not only with that of MinK but also with that of Isl-1, whose expression was predominant in the outflow tract alone. OT: Outflow Tract, A: Atrium, V: Ventricle, AVC: AV canal, Vertical axis: normalized molecules/GAPDH mRNA that Cav3.2 plays an important role in the generation of both the atrio-ventricular conduction system and the outflow tract on the stage of chamber-specification. Cav3.1 was necessary for the formation of conduction system especially, of which notion was supported by the previous report (10) . Nkx2.5 is expressed throughout the development of the heart primordium. Its expression begins in the cardiogenic mesoderm before alpha-cardiac actin and beta-myosin heavy chain genes are tuned on. Nkx2.5/GFP(+) cells are cardiac precursor cells derived from ES cells and its expression of GFP is driven by Nkx2.5 promoter. They differentiate into sinus node-or conduction-system-type cells as well as myocytes. To see whether Isl-1 and Cav3.2 are co-expressed in the same cardiomyocytes in the developing heart, we examined the expression of Isl-1 and Cav3.2 mRNAs in Nkx2.5-positive cardiac progenitor cells. As shown in Fig. 3A , Nkx2.5-positive cells expressed both Isl-1 and Cav3.2 mRNAs during cardiac differentiation. Single cell RT-PCR revealed that in Nkx2.5-positive cells, Isl-1 was coexpressed with Cav3.2 (Fig. 3B ). Cav3.2 might play a role in proliferation of Isl-1-positive cardiac progenitor cells that originated in the secondary heart filed. It has been reported that Cav3.2 transcription could be modulated by the NRSF/NRSE system which is regulated by the canonical Wnt pathway (7) . This notion is consistent with the present results that Cav3.2 was co-expressed with Wnt11 in the was predominant in the ventricle and outflow tract. Tbx5 was predominantly expressed both in the AV canal and ventricles which was consistent with the notion that both were derived from the first heart field. Tbx2 was predominantly expressed in the AV canal. Isl-1 was localized to the outflow tract which was consistent with the notion that outflow tract was derived from the second heart field (2, 15). These results also indicated successful separation of the four parts. On the other hand, Nkx2.5 mRNA was ubiquitously expressed in all the chambers, as expected from the notion that Nkx2.5 is the common marker of cardiac progenitor cells. In contrast to Cav1.2 that was ubiquitously distributed in the heart, both Cav3.1 and 3.2 mRNAs were distributed in limited regions of the embryonic heart on this stage. Namely, the distribution of both Cav3.1 and Cav3.2 mRNAs overlapped with that of MinK mRNA, a marker of the atrio-ventricular conduction system (5) and Tbx2, suggesting a contribution of both Cav3.1 and Cav3.2 to development of the atrio-ventricular conduction system. T-type Ca 2+ channels have been reported to associate with proliferation of diverse cell types, suggesting that their disappearance in the myocardium after birth may underlie withdrawal of cardiomyocytes from the cell cycle progression. Interestingly, the distribution of Cav3.2 mRNA overlapped with that of Isl-1 in the outflow tract. It also overlapped with MinK, indicating its distribution in the atrio-conduction system (Fig. 2) . This suggests (Fig. 3A) . The single cell RT-PCR revealed that Isl-1 was co-expressed with Cav3.2 in the Nkx2.5-positive cell (Fig. 3B) . Mlc: Myosin light chain, HCN: Hyperpolarization activated Cyclic Nucleotide-gated potassium channel outflow tract (Fig. 2) . Since Isl-1(+) cardiac progenitor cells were responsive to the canonical Wnt pathway and these responsive cells contributed to the development of the outflow tract (1), the Wnt signaling may promote not only the expansion of Isl-1(+) cardiac progenitor cells via activation of Cav3.2 transcription through the NRSF/NRSE pathway.
In conclusion, Cav3.2 may play critical roles in development of the outflow tract that originate in the secondary heart filed, besides the regulation of automaticity of the embryonic heart, whereas Cav3.1 may be involved in the development of cardiac conduction-system together with Cav3.2.
